Abstract. Solute-solute intermolecular energy transfer has been studied in the ternary solution system toluene-TP (p-terpheny1)-TPB (1, l', 4,4'-tetraphenylbutadiene) with a T P concentration of 2.17 x 10-2M, and T P B concentrations from 1.5 x lop6 M to 6 x M, using excitation wavelengths from 285 mp to 365 mp.
N the paper by Birks and Cameron (1958, to be referred to as I ) studies of solvent-solute energy transfer in p-terphenyl-toluene solutions have been I described. Such binary solutions are commonly used for liquid scintillation counting (see, for example, Bell and Hayes 1958) but they have certain limitations. The solute emission spectrum is in the near ultra-violet and does not therefore match optimally the blue-green spectral response of the standard photomultipliers used for detection. High concentrations (5 g1-I) of solute are required to provide maximum scintillation efficiency, and hence, although the overlap of the absorption and emission spectra of p-terphenyl is small, self-absorption effects can become appreciable when large volume liquid scintillators are used. Self-absorption causes a decrease in the technical scintillation efficiency, and an increase in the technical scintillation decay time of the system (Birks 1954) .
These limitations of binary solutions can be overcome by the introduction of a secondary solute, with an absorption spectrum which strongly overlaps the emission spectrum of the primary solute, and with an emission spectrum which matches closely the photomultiplier spectral response (Hayes 1953 , Hayes et al. 1955 , 1956 ). The function of such a ' wavelength-shifter ' is to accept the t Now at University of Mysore, India.
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excitation energy of the primary solute and to emit it efficiently in the spectral region where the photomultiplier is most sensitive. Relatively low concentrations (up to 0.5 g 1-l) of secondary solute are adequate for efficient solute-solute energy transfer, so that self-absorption effects are considerably reduced in such ternary solutions. Hayes (1953) , Hayes et al. (1955, 1956) , Ott et al. (1957) and others haye studied the variation of scintillation efficiency with secondary solute concentration for many combinations of organic solvents and solutes, but they did not attempt to discriminate between the alternative processes of radiative and nonradiative energy transfer. Bowen and Brocklehurst (1953) and Bowen and Livingston (1954) have studied solute-solute energy transfer in liquid solutions, of rather different composition from those used as scintillators, and have shown that non-radiative transfer occurs, and is independent of the solvent viscosity, indicating that the process is not diffusion-controlled. Weinreb (1957) has studied the ternary liquid scintillator system, toluene-PPO (2,5-diphenyloxazole)-DPH (diphenylhexa-l,3,5-triene), by adding varying concentrations of a quenching agent, which competes with the PPO-D P H non-radiative transfer for the PPO excitation energy. He concludes that at a DPH concentration of 5 x 10-5M at least 80% of the PPO-DPH transfer is radiative, while at a DPH concentration of 5 x M about 25 yo is radiative and 75 yo non-radiative.
I n the present work a detailed investigation has been made of solute-solute transfer in the system toluene-TP (p-terpheny1)-TPB (1, l', 4,4'-tetraphenyl-1, 3-butadiene). This was chosen for study as a representative ternary scintillator solution system, because of the clear separation of the T P and T P B emission spectra and the availability of suitable filters for distinguishing the two solute emissions.
2. EXPERIMENTAL

Apparatus and Calibration
The materials used were of ' scintillation grade ' purity and supplied bp Nuclear Enterprises (G.B.) Ltd., Edinburgh. All measurements were made at room temperature, and the solutions were not ' deoxygenated '. T h e presence of oxygen has been shown to have no effect on the energy transfer, though I t quenches the solute emission somewhat (I).
A Chance glass filter OX 1 was used to isolate the T P emission, since the filter had negligible luminescence, and did not transmit the T P B emission. Two Chance glass filters OY 18 and OGr 3 were considered to isolate the T P B emission. The OY 18 had excellent transmission characteristics, but was unsuitable because of its luminescence. The OGr 3 had a lower transmittance, but negligible luminescence, and it was therefore adopted. T h e OGr 3 was found to transmit a small fraction of the T P emission, and an appropriate small correction was made for this where necessary (5 2.3). The cells used for containing the solutions were of ' Spectrosil ' (Thermal Syndicate Ltd., Wallsend) and had a negligible luminescence.
The experimental arrangement was similar to that described in I, as modified by Birks and Kuchela (1959) . A Unicam SP 500 spectrophotometer with a hydrogen lamp source was employed as a monochromator, the standard absorption cell holder and photocell detectors being replaced by a light-tight box containing an EM1 6097B photomultiplier. The photomultiplier could be mounted either along the axis of the monochromator exit beam or normal to it, and its position was adjustable to accommodate different cell geometries. The photomultiplier was operated at a potential of about 1.2 kv from a stabilized 2 kv supply, and the output current was measured with a Scalamp galvanometer. All readings were corrected for the dark current which was steady and usually small compared with the light signal being observed.
To calibrate the monochromator exit beam, its relative quantum intensity was measured as a function of wavelength h from 220 to 400 mp (only part of this wavelength region is relevant to this particular investigation), using a fluorescent solution whose quantum yield is constant over this region. Two solutions described by Weber and Teale (1958), namely, A, l-dimethyl-aminonaphthalene 7-sodium sulphonate in water, and B, l-dimethyl-aminonaphthalene 5-sulphonic acid in N sodium hydroxide, have been found to give reliable, consistent results, In a preliminary calibration test a 2 x M concentration of solution A was prepared, and used to fill a cylindrical ' Spectrosil' cell to a depth of 1 cm. The cell was optically coupled to the photomultiplier, the aperture of the photomultiplier being limited to a diameter of 1 cm to eliminate the detection of light from the sides of the cell. Observations of the photomultiplier current as a function of h were taken and repeated for different solution depths, different solution concentrations, different exit slit widths, and at different intervals after the solution preparation. It was found that these measurements of relative quantum intensity were consistent and reproducible. I n the subsequent experiments, individual calibrations were made using a 2 x low2 M solution A, for each of the different specimen geometries employed.
Study of TP Emission
M (5 g1-l) TP in toluene, and T P B concentrations of 0, and 1.5, 3 and 6 x lo-" M, where X = 6, 5 , 4 and 3, respectively. I n investigating the T P emission, excitation was at h = 290-3 10 mp, in which region toluene is transparent and almost all the incident light is absorbed by T P in a thickness of about 40p. The intensity of the T P emission was measured as a function of T P B concentration c and of solution thickness t , for t = 4 mm, 8 mm and 16 mm. The thickness was introduced as a parameter to distinguish between radiative and non-radiative transfer. The former increases in efficiency with t , while the latter is independent of t.
The experimental arrangement is shown in Fig. 1 . The integrating cell had a ' Spectrosil' base and was filled completely with a 2 x M solution A.
-4 ' Spectrosil ' disk was then slipped over the solution, care being taken to exclude any air bubbles. The function of the integrating cell was to eliminate the effect of changes in the technical emission spectrum of TP due to selective absorption by (i.e. radiative transfer to) TPB. T h e cell provided the photomultiplier with a constant spectral distribution, whose intensity was proportional to the quantum Intensity of the T P emission incident on it.
M TP-toluene solution for A=290-310mp and t = 4 m m , Xmm and 16".
If I,, I, and 116
represent the intensities of TP emission for the three values of t respectively, then it was found that 14/18= 1.04 and Is/I16= 1.11, at all excitation wavelengths.
The increase in the T P emission intensity as t is decreased is due to the increased A series of 13 solutions was prepared, each containing 2.17 x Measurements were made initially on the binary 2-17 solid angle subtended at the photomultiplier, since self-absorption in T P solutions is negligible at these thicknesses. This geometrical effect was corrected for in the measurements on the ternary solutions by normalizing them to correspond to a common t = 8 mm, i.e. by using a common scale for I = 14/1.04, I8 and 1*11116 respectively. .. Energy Transfer in Organic Systems. 11 the T P emission intensity at a given c increases as t is decreased, even after correcting for the change in solid angle, showing that radiative transfer occurs In this concentration range. A similar set of measurements, taken for h = 285-320 m p and t = 13 mm, and normalized to constant incident quantum intensity, are plotted in Fig. 3 . Within the experimental error, the T P emission quantum intensity was found to be Independent of A. 
Study of TPB Emission
The experimental arrangement used for studying the T P B emission was similar to that shown in Fig. 1 , except that the integrating cell was omitted, and an OGr 3 filter was used at F. The cylindrical ' Spectrosil ' cell was filled with the specimen solution to a depth of 13".
Measurements were made of the relative quantum intensity of the T P B emission from h = 285 mp to 365 mp for each of the 12 solutions containing TPB.
Similar measurements were also made for the binary TP-toluene solution.
In conjunction with the observations of the relative quantum intensity of T P emission against c (Fig. 3 ), these latter measurements enabled the appropriate small corrections to be applied for the leakage of any TP emission through the OGr 3 filter. The T P B fluorescence excitation spectra, showing the variation of relative quantum intensity with wavelength for the twelve ternary solutions, are plotted in Fig. 4 . From h=285 to 305 mp, practically all the incident radiation is , _I 5510-6M. J , B. Birks and K. N. Kuchela absorbed by TP and the observed T P B emission is that excited by energy trans. ferred from T P to TPB. The variation of the intensity of this indirectly excited T P B emission with concentration is plotted in Fig. 5 . From A= 325 to 365 mp, TP is transparent and the observed T P B emission is excited directly. At low concentrations only a fraction of the incident radiation is absorbed in the specimen thickness, and the shape of the direct excitation spectrum is related to the T P B absorption spectrum (see Fig. 7 ). At high concentrations the intensity tends to a constant value independent of c and A, corresponding to all the incident radiation being absorbed by T P B near the solution surface. I n the intermediate wavelength region, A = 30.5 to 325 mp, where the T P absorption is decreasing with increasing h but is still finite, the T P and T P B compete for the absorption of the incident radiation, the T P B absorption becoming more significant as c is increased.
Influence of Terphenyl Concentration
To investigate the influence of the terphenyl concentration on the energy transfer, four toluene solutions were prepared containing T P concentrations of 2.17 x M, 1.09 x M, 5-43 x M and 2.71 x M respectively, and each containing 6 x Measurements at h = 285 to 310mp showed that the indirectly excited T P B emission intensity was independent of the TP concentration.
M concentration of TPB. 
. . (3)
where qoz is the fluorescence quantum efficiency of Z , and a, which is a function of c and d, is the fraction of Qoy absorbed by 2. The values of I y ( h ) against h for TP have been taken from Hayes (1953) and of €,(A) against Afor T P B from Birks and Kuchela (1959) (see Fig. 7 The agreement between the experimental and theoretical curves of Q p y and Q p z up to c-10-4M shows conclusively that the solute-solute energy transfer is purely radiative up to these concentrations. T h e increase in Qpz which occurs at higher c cannot be accounted for by radiative transfer, which limits when all the TP emission is absorbed, and it is therefore evidence of non-radiative transfer at high c.
Non-radiative Transfer
The quantum efficiency of solute-solute energy transfer f has been evaluated from the experimental results (Fig. 4) , using the expression (part I)
. . (4)
where I , is the T P B emission intensity excited indirectly (A = 285 -310 mp), I,, is the maximum T P B emission intensity excited directly (A = 345 -365 mp) at high c, where the incident radiation is completely absorbed near the surface, and where k,c is the rate parameter of non-radiative transfer to 2.
T h e quantum efficiency of radiative transfer to Z is
where a is given by (3) and (1).
T h e quantum efficiency of non-radiative transfer to 2 is ...... ( 6) ...... ( 7 ) ...... (9) , using the calculated data on a (8 3.1), to determine f , f K . and fSR as a function of c, and these are compared with the experimental results in Fig. 6 . It will be noted that non-radiative transfer becomes significant c > lop4 M, at higher c it competes with the emission of Y (and hence reduces fi<), and at high c it tends towards unity.
Dipole-Dipole Transfer
Forster (1948, 1949) has developed a quantum-mechanical theory of nonradiative dipole-dipole transfer between donor and acceptor molecules. He obtains the following expression for R,, the critical intermolecular distance, below which the energy transfer takes place within the donor excitation time :
>-J ( v )
.. (14) where c is the velocity of light, is the donor fluorescence decay time, n is the refractive index of the solution. N is Avogadro's number, and Po is the mean wave number of the electronic excitation of the donor. J ( P ) is the overlap integral of the donor emission and acceptor absorption spectra, given by
where C is the wave number and e z ( ; ) is the decadic molar extinction coefficient of the acceptor. E~,(ZP, -f ) is the emission coefficient of the donor, expressed in decadic molar units, and is obtained from the reflection of the donor absorption spectrum ep(Y) about 5,. V,, is the mean uf the wave numbers of the maxima in the emission and absorption (1st -;-electronic excited singlet state) spectra of the donor.
. . . . . . (~o'cm-l) Fig. 7 . T P absorption spectrum er(;), T P emission spectrum cy(2V0 -V ) , TPB absorption eZ( E) spectrum eZG) (left-hand scale), and TP-TPB overlap spectrum ~y ( 2 Y~ -V )
(right-hand scale), in molar decadic units, against wave number G.
J ( G ) has been evaluated from (15) for the TP-TPB system. T h e T P B absorption spectrum cZ(;) (Birks and Kuchela 1959) , the TP absorption spectrum 7. B. Birks and K. N . Kuchela cy(;) (I), the TP emission spectrum (Hayes 1953) converted, using ey(fi), into decadic molar units ey(2fi0 -i;), and the overlap product ey(2i;, -i;) . e Z ( l j ) are plotted in Fig. 7 . J(?) = 3.2 x 1OI2 is obtained from the area under the overlap product curve. Taking T~ = 2.5 nsec, n = 1.5, i;, = 3.2 x lo3 cm-l, a theoretical value of R, = 42.5 A is obtained from (14).
Forster (1959) defines a critical concentration co related to Ro by c0 = 3000/4irNRo3.
. . . . . . (16) . . . . , ,
I n terms of U in the Stern-Volmer type equation (9), so that substituting the experimental value of U = 390, we obtain Ro = 42.2 A from (16). This close quantitative agreement between the theoretical and experimental values of Ro confirms the dipole-dipole nature of the non-radiative transfer, It indicates that Brownian translational motion (molecular diffusion) has a negligible influence on the transfer process in this system, confirming the conclusions of Bowen and Livingston (1954) that solute-solute transfer is not diffusion controlled.
The observation that f is independent of the T P concentration (8 2.4) eliminates the possibility of TP-TP excitation migration. Such migration is not to be expected theoretically because of the small overlap of the T P emission and absorption spectra (Fig. 7) . T h e TP-TPB system appears to be a perfect example of single-step energy transfer, with competition occurring between the radiative and the dipole-dipole processes.
Q 4. DISCUSSION
The TP-TPB system is believed to be the first of its kind to have been analysed in such detail, and it is most satisfactory that the theory provides such an accurate quantitative description of the observed behaviour. There are some conclusions that can be drawn from the results about the design and operation of ternary liquid solution scintillators. TPB is not an ideal secondary solute, since the inatch of its absorption spectrum with the TP emission spectrum (Fig. 7) is not an optimum, so that fR and f s R at a given c are rather less than the maxima obtainable., It is probable that the preferred secondary solutes, such as 1,4-bis 2-(5 -phenyloxazolyl)-benzene (PO POP), which have been chosen semi-empirically (Hayes et al. 1955 , 1956 , Ott et al. 1957 , satisfy the spectral overlap criterion more closely. Measurements of the absorption spectrum e Z ( f i ) of any secondary solute, in conjunction with the known data on T P , would enable the energy transfer, f R and f x R , to be predicted for any concentration c or thickness t of a ternary solution scintillator, based on TPtoluene. T h e only physical data required in choosing a secondary solute are its absorption and emission spectra, its photo-fluorescence quantum efficiency, and its solubility. This approach to scintillator design through simple molecular parameters appears preferable to the more complicated experimental procedures normally used for ' screening ' organic compounds as potential scintillators. M) where the transfer is purely radiative, f = fa depends on the solution thickness t, and increases with t towards a maximum of (qoy)o (1 1) At higher c ( > M for t = 13 mm) where a = 1, fR and fNR are both independent of the solution thickness, the relative amounts of radiative and non-radiative transfer being determined only by the competition between primary solute CO = 2.05 JU At low c ( < Energy Transfer in Organic Systems: II emission and dipole-dipole transfer (12). I n this concentration range therefore the behaviour of small and giant scintillators is the same. fR( = 0.23) is still significant compared with fNR( = 0.7) at the highest TPB concentration studied, which is about 6 of the practical T P concentration of jgl-is At c=O*1 of the TP concentration, which is that normally used in ternary scintillators, fR N fSR N 0.44. With POPOP, fNR will be increased slightly relative to fR, due to the better solute-solute spectral overlap, but fR will still contribute a substantial component, delayed by T~. (2.5 nsec), to the secondary solute emission. Hence the technical scintillation decay time of a ternary solution dl be longer than that of an equivalent binary solution.
By increasing c beyond 10-2M fNR can be made to tend towards unity, and fn to tend towards zero. The factors which normally limit the use of such a high c are ( a ) self-absorption effects, which the secondary solute was originally introduced to eliminate, ( b ) concentration quenching, (c) the maximum solubility, and (d) the cost of the secondary solute, which is usually high. Moreover at high c, the secondary solute will compete with the primary solute for the solvent excitation energy, and the primary solute becomes redundant.
Since the toluene-TP transfer efficiency = 0.88 for a 5gl-1 TP-toluene solution and f -0.9 at c = 0.1 of this T P concentration, the overall quantum efficiency of transfer from toluene to secondary solute is approximately 0.8. It would appear therefore that, other things being equal, binary solutions with high primary solute concentrations (e.g. 10 g 1-1 PBD in p-xylene) in which solvent-solute transfer efficiencies in excess of 0.9 should be obtainable, are to be preferred to ternary solutions as liquid scintillators, since their scintillation efficiency should be higher. The high photo-fluorescence quantum efficiency of T P , goy = 0.75, which conipares with a technical photo-fluorescence quantum efficiency of only 0.62 for crystalline anthracene, the most efficient organic scintillator known to date, makes a major contribution to the scintillation efficiency of all liquid scintillators containing T P as a major constituent. It partially compensates for the lower inherent energy conversion efficiency of a binary or ternary scintillator, compared with a unitary, single-crystal scintillator (Birks 1960) . The ideal primary solute would have an emission matching the photomultiplier response, and an even higher qoy than TP. Improved solvents, either liquid or plastic, containing larger (i.e. 2-or 3-ring) molecular groups would be needed to utilize such an ideal solute to the best advantage, and hence to rival or exceed the efficiency of crystalline anthracene.
A general theory of the efficiency of crystalline and liquid and plastic binary and ternary solution scintillators, in which the other factors apart from energy transfer which influence the scintillation efficiency are considered, will be described elsewheret. It is hoped to discuss the applications of this theory to the design of organic scintillators more fully in a subsequent paper.
